This paper deals with the classical theory of the perturbation method to determine the solution of wave forces on a circular cylinder in regular waves. Nonlinear diffraction of water waves is considered here to demonstrate the powerful perturbation technique. The solution obtained by this method is compared with the available experimental data. It is found that the analytical solution agrees with the experimental data quite well. When we talk about wave effects on offshore structures, it is necessary to distinguish between small and large dimensions in relation to the characteristic wavelength and the wave amplitude. It is well known that the Morison equation displayed an empirical relationship in terms of the coefficient of mass, C M , and of the coefficient of drag, C D , the two hydrodynamic coefficients used to calculate wave forces on a small submerged cylinder. This relationship involves the inertia force and viscous drag force on the cylinder and assumes that the object is small so as not to disturb the incident wave field. However, as the diameter of the cylinder becomes large compared to the incident wavelength, the Morison equation does not apply and a diffraction theory must be used. In this case, viscous drag forces are assumed to be insignificant for smooth dimension structures (cylinders) and the inertia forces predominate. In this paper we discuss the theoretical formulation of second order wave loads. We have obtained the mathematical expressions for the forces and moments to predict the wave loads on large monolithic offshore structures.
Introduction
The determination of wave forces on offshore structures is essential to study the effects of waves, wind and current on them. The offshore structures should experience minimal movement to provide a stable work station for operations such as drilling and production of oil. The solution to the problem of ocean wave interaction with offshore structures is usually very complex. In many cases, only an approximate solution is sought. Some of the mathematical techniques required for the hydrodynamic problem associated with the design of offshore structures are analytical while many are numerical in nature. While the evolution of computers has made the numerical methods more advantageous over the classical analytical methods, numerical methods alone cannot find absolute success without being complemented by either analytical methods or at least experiments; in this sense analytical methods become a cost efficient and handy technique for designers in most cases.
Morison et al. [1] gave an empirical relationship in terms of coefficient of mass, C M , and of coefficient of drag, C D , the two hydrodynamic coefficients to calculate wave forces on a small submerged cylinder in regular waves. However, when the size of the structure is large compared to the wavelength, there are considerable scattering and diffraction in the wave pattern and in that situation the Morison equation is not suitable to calculate the wave loads and we must use the diffraction theory. A linear diffraction theory was first formulated by MacCamy and Fuchs [2] to calculate the wave loads on a vertical circular cylinder. The cylinder extends from well above the surface to the bottom of the sea. A number of investigators including Mogridge and Jamieson [3] have used this theory to obtain the wave loads on large submerged cylinders in the sea. In all these investigations, the analyses were restricted to linear theory only, which has very limited applications in a practical field because the character of the ocean waves is very often nonlinear. To improve the correlation between experimental data and theory, it is necessary to include the nonlinear effects in the diffraction theory.
Taking into consideration this motivation, many investigators have directed their attention towards nonlinear theory in water waves. Chakrabarti [4] obtained an expression for wave forces on a cylinder using Stokes's fifth order theory, but the kinematic boundary condition was not satisfied in the vicinity of the cylinder. The results obtained were compared with the second order theory of Yamaguchi and Tsuchiya [5] and he concluded that his theory and experimental showed good agreement with their experimental data. Raman and Venkatanarasaiah [6] obtained a nonlinear solution using a perturbation technique. Unfortunately, their experimental results were obtained using a relatively small diameter cylinder, for which the previous workers had assumed the viscous drag forces to be significant. This paper deals with the theory of second-order wave load expressions to predict the wave forces and moments on large monolithic offshore structures. The theory is applied to a surface-piercing cylinder in regular waves. Following Stoker [7] , we have developed a mathematical model of the nonlinear wave theory to correlate with nature. A perturbation technique has been used to solve the nonlinear diffraction problem. For the case of fixed offshore structures, closed form solutions for drift forces and moments have been obtained using the secondorder theory, and the predictions have been compared with available experimental data.
Mathematical formulation
A rigid vertical surface-piercing circular cylinder of radius a and the diameter D = 2a is acted upon by a train of regular surface waves of height H, progressing in the positive x− direction ( Figure 1 ). It is assumed that the fluid is incompressible and the motion irrotational. When the amplitude is large, the small amplitude theory does not hold good. In practice, the finite amplitude wave theory, namely the nonlinear wave theory, is of primary importance. In linear wave, the wave amplitudes to the second and higher orders are considered negligible, whereas in the finite amplitude wave theory these higher order terms are retained so as to give an accurate representation of the wave motion.
Let φ(r, θ, z, t) denote the total fluid velocity potential and let z = η(r, θ, t) be the equation of the free surface, where (r, θ, z) are the cylindrical coordinates. Then everywhere in the region of the flow, the fluid motion is governed by Laplace's equation. The motion is governed by the equation:
in the region
Here ∇ is the Laplacian operator. Equation (1) is Laplace's equation and it is derived from the fluid continuity equation. The boundary conditions associated with the equation (1) are as follows: Bottom boundary condition: Assuming the floor of the ocean to be flat, the boundary condition at the ocean bottom states that the vertical component of the velocity is zero at the bottom
Body surface boundary condition: On the surface of the body the velocity of the fluid must be equal to zero
Dynamic free surface boundary condition:
The dynamic free surface condition is derived from the Bernoulli equation, on the assumption that the atmospheric pressure outside the fluid is constant.
Kinematic free surface boundary condition:
The kinematic condition states that a particle lying on the free surface will continue to remain on the surface. Mathematically,
In addition to the above boundary conditions, there is the Orr-Sommerfeld radiation condition to be satisfied by the scattering potential Φ s , where φ = Re (Φ I + Φ s )e −iσt in which Φ I and Φ s are defined to be the complex incident and complex scattered potentials respectively. This boundary condition states that the diffracted wave must vanish at infinity and mathematically can be defined by the Orr-Sommerfeld condition
where √ −1 = i and k is the incident wave number. Here Re stands for the real part, σ is the wave frequency. where φ is the total velocity potential, η is the height of the free surface, h is the depth of water below the still water level, v r , v θ and v z are the velocity components, g is the acceleration due to gravity, k is the incident wave number (= 2π/L), x, y, z are rectangular coordinates, r, θ, z are the cylindrical coordinates, t is the time variable and L is the wavelength. The Cartesian form of (1) is
where x = r cos θ, y = r sin θ and z = z. The formulas for the forces F and moments M of the fluid on the body S can be written in vector form as follows:
where n is the outward normal vector from the body surface, P is the pressure field which can be obtained from the Bernoulli's equation as illustrated in the next section and r is the radial distance vector.
Perturbation method of solution
The problem is to work with the complete form of the equation to assume that the solution can be represented in terms of a power series expansion of the parameter ε where ε = kH/2 = kA. A is the amplitude of the wave. Thus expanding φ, η and P as a series in powers of ε yields
The sum of the terms up to index n represents the nth-order theory for any particular quantity, P represents the pressure field, and φ, η and P are all functions 
φ(x, y, z, t) = φ[x, y, η(x, y, t), t].
(11)
The modified velocity potential at the free surface is
Substituting the series into the dynamic and kinematic free surface boundary conditions, it is found that the first-order potential φ 1 and the second-order potential φ 2 satisfy the following equations, respectively:
The pressure P (r, θ, z, t) may be determined from the Bernoulli's equation and on substitution for φ as a series in power of ε, leads to
The total horizontal force is
Now let us write F x as a perturbation series up to order ε 2 as follows:
where the first order contribution is
and the second-order contribution is
It is to be noted here that in the second-order force evaluation given in (19), the first term on the right can be defined as the waterline force, the third term as the dynamic force and the second term as the quadratic force as stated by Lighthill [8] .
The expressions for φ 1 and φ 2 are given as follows (Rahman [9] ):
with the dispersion relation which is σ 2 = gk tanh kh.
Forces and moments on the circular cylinder
Using the results presented by Rahman and Heaps [10] , the non-dimensional forms of the first-order and second-order components of the total forces may now be written as Comparison with the numerical data of Garrison [11] . and where
The second-order force (21) contains two parts; one oscillatory and the other steady state. They are defined, respectively, as
Similarly, the non-dimensional forms of the linear and of the second-order moments are given by
and
The second-order moment (24) contains two parts; one oscillatory and the other steady state. They are defined, respectively, as
The graphical representations of these results are displayed with the comparison of the experimental and numerical data. It is worth mentioning here that all the parameters defined here are found in the work of Rahman [9] .
Results and conclusions
The analytical and numerical and experimental results are displayed and discussed in this section. In Fig. 2 , both the first-order and the second-order solutions (see Rahman [9] ) are compared with the force measurements of Chakrabarti [4] , which are generally seen to be closer to the second-order predictions. The normalized dynamic drift forces and moments are potted against the diffraction parameter ka in Fig. 3 and Fig. 4 using the analytical results. This results are compared with the numerical solutions obtained by Garrison [11] and the present predicted results quite agree with the Garrison's numerical data. Garrison used the Green function method to determine the drift forces and moments. In Fig. 5 , analytical solutions are compared with the experimental data of Mogridge and Jamieson [3] for a vertical circular cylindrical structure. These results were computed taking the averages of the positive and negative maximum loads. The theoretical predictions of moments seem to agree very well with the measured values for the given range of parameters.
